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Abstract 
The interaction between metal surface and cell/tissue is important for the biocomptibilty of metallic implants, and 
surface modification has been studied extensively to alter its surface characteristics, and improve biocompatibility. 
Titanium oxide (TiOx) films were deposited by electron-beam evaporation system using TiO2 as a source material. 
The films deposited by various thickness and growth rate were investigated by X-ray photoelectron spectra and 
atomic force microscopy. TiOx films were etched subsequently by different plasma to obtain different surface 
morphology. The composition of TiOx films were changed from nonstoichiometric to stoichiometric due to etching 
process, and the surface roughness of TiOx films was increased. TiOx films were further modified by self-
assembled monolayer (SAM) of silanes. TiOx films became hydrophobicity by the SAM modification process and 
highly hydrophilic by ultraviolet (UV) irradiation. Surface modification of TiOx films (like plasma etching, SAM 
and UV irradiation) has proven to be indispensable for improved hemocompatibility, as assessed by work of 
adhesion calculations and x-ray photoemission spectroscopy. 
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1. Introduction
Ti and its alloys are thought to be highly biocompatible materials, and their clinical applications are 
becoming increasingly frequent. The excellent biocompatibility of titanium and its alloys is associated 
with the properties of their surface oxide film [1, 2]. However, there are some reports demonstrating that 
the natural oxide film may not be sufficiently protective in the aggressive biologic environment, and 
there have recently been some clinical papers reporting hypersensitivity and allergic reactions to Ti [3]. 
One way to solve this problem is depositing ceramic thin films [4]. In our previous research, anatase 
type titanium oxide films prepared by e-beam evaporation generally have good blood compatibility, and 
it has been found that its blood compatibility is related to its wettability [5].  
Nowadays, the possibility to modify and control the surface wettability of biomaterials has attracted 
significant scientific and technological interest. For biological systems the nature of hydrophobic and 
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hydration forces plays a key role on the mediation of solute (e.g. protein) adsorption and cell adhesion 
[6-8]. Titanium oxide film is a widely used biocompatible material; therefore alterations of wetting 
behavior are of great importance for its biomedical application. Several approaches using UV light or 
organic monolayer have been reported to control the surface wettability of TiO2 structures in some 
papers of our group [9,10]. 
Surface energy of a material plays an important role in controlling its biomedical properties and 
applications. Cell adhesion onto a given solid substrate occurs if the process results in a decrease in the 
surface free energy. Work of adhesion of cells (which is the negative of surface free energy change) is a 
very useful measure of strength of adhesion. It reflects the ease with which cells adhere to a given solid 
substrate from a given liquid environment [7]. 
In this study we aim to create better hemocompatible titanium oxide films by electron-beam 
evaporation and to investigate the effect of different deposition parameter and surface modification on 
their surface chemistry and surface energy behaviors. The prospects of these TiOx films for 
hemocompatible applications are also discussed by estimating the work of adhesion between the TiOx 
films and human blood. 
2. Experimental Procedure 
2.1. Film preparation 
Disks of commercially pure titanium were used as substrate (10 mm in diameter and 2 mm in 
thickness). After sonicating in acetone and then deionized water, the samples were dried in a nitrogen 
stream prior to deposition process. Titanium oxide films were prepared by electron-beam evaporation. 
The distance between the rotating substrate holder and the electron-beam evaporation source was 380 
mm. The chamber was evacuated with both a mechanical pump and a turbo molecular pump. The films 
were deposited in oxygen atmosphere using TiO2 as a source material. After reaching the base pressure 
of 2.0h10-6 torr, the working pressure was maintained around 0.5-2.0h10-4 torr depending on pure 
oxygen flow rate. The substrates were sputter-etched with argon ions (1.5 A, 80 V) extracted from end-
hall type ion gun for 20 min prior to the deposition. The film thickness was measured by a ¢-step 
measurement system. 
For further modification process, the TiOx film was etched by Ar or O2 plasma to obtain different 
surface morphology. Different etching degree of films surface can be controlled by changing etching 
process, such as etching time, etching voltage, pressure etc. 
For chemical modification, procedures given in literature [6] were used. The samples were 
placed in the beaker with 10 mL of an octadecylsilane (C18H37SiH3) solution. The solutions 
contained 50 ȝM of the organic modifier (97%, Aldrich, America) in 1 L of toluene (99.5%, 
Duksan, Korea). Upon addition of the solution, the beakers were left at room temperature in the 
dark. After a given time (48-40 h), the samples were taken out, subsequently washed with acetone 
and ultra pure water, then dried under nitrogen gas flow and then dried in the oven at 70 degree 
overnight. 
For light irradiation, ultraviolet (UV) illumination was carried out using a 20-W black light bulb 
with a light intensity of 0.1 mW/cm2 incident upon the sample. UV irradiation were performed in 
ambient air, i.e. the temperature was 298 K and relative humidity (RH) was 60%. 
2.2. Surface energy measurement 
Mathematically, work of adhesion of an adhering cell on to a solid substrate is expressed as [7] 
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where the subscripts L, S and A stand for the phases (the solid substrate, liquid and the adhering cell 
respectively) and the J  values refer to the interfacial tensions between the phases considered. This 
analysis can be employed to determine the work of adhesion of blood cells onto the TiOx film, where the 
TiOx film forms the solid substrate; the blood forms the liquid environment and the adhering cell being 
any of the blood cells. As work of adhesion measures the ease with which cells can adhere, 
determination of work of adhesion for different cells can help us to predict the manner in which blood 
cells would react when they are exposed to TiOx films. The result can be interpreted in terms of blood 
compatibility because blood cell adhesion is one surface phenomenon that dictates the blood 
compatibility of biomaterials and hence decides the long term use of a specific material for a blood 
contacting application. In this paper, we suggest work of adhesion of blood cells as a parameter for 
characterizing the resultant TiOx films from cell adhesion point of view. The idea being that materials 
which exhibit lower work of adhesion would lead to a lesser extent of cell adhesion than materials with 
a higher work of adhesion. 
The determination of work of adhesion for a given situation requires the determination of the three 
interfacial tensions under consideration in equation (1). Good and van Oss method helps us to determine 
the interfacial tension between any two phases using contact angle data of standard liquid drops. 
According to this method, the surface energy of any condensed phase is given by the following equation 
[11] 
ABLW JJJ                                                                          (2) 
where the first term on the right hand side is the dispersive component. The second term is the polar 
component of surface tension. The dispersive part of the surface tension has a very little bearing on the 
work of adhesion while the polar component has a major role to play [12]. The polar component can 
further be split as shown below: 
 JJJ 2AB                                                                        (3) 
where J  is the electron acceptor surface tension parameter and J  is the electron donor surface 
tension parameter. Thus according to this approach, the surface energy of any condensed phase is 
resolved into three components, namely LWJ , J and J . 
The interfacial tension between any two condensed phases j and i in terms of their surface energy 
parameters is expressed as [7] 
)(2)( 2   jijijjii
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iij JJJJJJJJJJJ                                  (4) 
The three interfacial tensions that are involved in equation (1) can be expressed in the above manner, 
which will enable the calculation of work of adhesion of the considered. 
Thus, if the three parameters of surface energy are available for all the phases, the work of adhesion 
of a specific cell onto the TiOx film can be calculated using equation (1). These parameters of surface 
energy of the TiOx film can be experimentally determined using the following equation, which is based 
on Young-Dupré equation [12] for a non-spreading liquid (L) on a solid surface (S): 
)(2)cos1(    LSLS
LW
L
LW
SL JJJJJJJT                                             (5) 
Equation (5) contains three unknown TiOx related parameters. By determining the contact angles made 
by three standard liquids (whose surface tension parameters are known) on the resultant TiOx films, the 
three unknown parameters can be evaluated for the TiOx film by solving the resulting three simultaneous 
equations. The surface energy parameters of two such phases allow the determination of their interfacial 
tension (from equation (4)). Once the interfacial tensions required in equation (1) are available, the work 
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of adhesion of the specific adhering cell onto the TiOx film from the liquid medium considered can be 
evaluated using equation (1). 
In this paper, contact angles of ethylene glycol, glycerol and distilled water are determined on the 
TiOx films. The work of adhesion of blood cells (erythrocytes and platelets) from an aqueous 
environment onto the TiOx films is evaluated. The sessile drop method was used for contact angle 
measurements with a commercial contact angle meter (SL200B, Solon (Shanghai) Information 
Technology Co., Ltd.., Shanghai, China). The amount of water droplets used for the measurement was 
0.5 ȝL. The contact angles were measured at five different points on the surface of thin films. Contact 
angle measurements were performed under room temperature in air. 
2.3. Surface characterization 
The surface morphology was evaluated by P-12 surface profiler and a Dimension 3100 AFM 
(Digital Instruments, Veeco, CA) in tapping mode at ambient temperature. The chemical structures of 
the titanium, oxygen and carbon atoms on the surface and near surface of the obtained titanium oxide 
films were analyzed by XPS (PHI-5700, PHI, Minnesota, USA). Their spectra were curve-fitted using a 
computer-assisted Lorentzian-Gaussian peak model. The binding energy of the C1s line at 284.6 eV was 
taken as a reference peak for calibrating the obtained spectra.  
3. Results and Discussion 
3.1. Effect of growth rate and thickness 
TiOx films were prepared with various evaporation rates (0.12nm/s, 0.22nm/s and 1.06nm/s) and 
film thicknesses (200nm, 700nm and 1200nm). The deposition of TiOx films on Ti plate resulted in a 
hydrophilic surface and the contact angle decrease with thickness and evaporation rate increasing [10]. 
The surface energy parameters of the TiOx films were evaluated using the tabulated contact angle data. 
These values are showed in Fig. 1. From Fig. 1, it seems that deposition parameters in this study have 
relatively little influence on the surface energy parameters of these films. The corresponding values for 
the three liquids and blood cell membrane which are required for determining the work of adhesion were 
taken from literature and are tabulated in table 1. 
˄a) (b) 
Fig.1. Surface energy parameters calculated from contact angle data for the TiOx films with different 
thickness (a) and grow rate (b). 
The corresponding values of work of adhesion are shown in fig.2. The values represent work of 
adhesion of cells (red blood cells and platelets) onto the TiOx films from an aqueous environment. The 
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work of adhesion for both RBCs and platelets are high for Ti plate suggesting that exposure to Ti plate 
surface would result in maximum adhesion. On the other hand, all the TiOx films exhibited lower values 
of work of adhesion suggesting that the extent of cell adhesion on them would be relatively lower than 
that on Ti plate. Furthermore, it seems that both thickness and grow rate have relatively little influence 
on work of adhesion of these films. 
Table 1: Surface energy parameters (in mN/m) for the test liquids and blood cell membrane. 
sample Ȗ+ Ȗ- ȖLW 
Platelets membrane 12.26 7.441 99.144 
Red blood cell membrane 0.01 46.2 35.2 
Ethylene glycol 3.0 30.1 29.0 
Glycerol 3.92 57.4 34.0 
Distilled water 25.5 25.5 21.8 
(a) (b) 
Fig.2. Work of adhesion (mJ/m2) of cells from an aqueous environment onto TiOx films with different 
thickness (a) and grow rate (b). 
 
It is well known that XPS is capable of providing both qualitative and quantitative information about 
the presence of different elements at the surface. Fig. 3 shows the comparison of high-resolution XPS-
spectra of titanium oxide film with 700nm thickness prepared at 1.06nm/s: (a) Ti 2P; (b) O 1s; and (c) C 
1s and the film with 200nm thickness prepared at 0.12nm/s: (d) Ti 2P; (e) O 1s; and (f) C 1s. These two 
samples were chosen to precede the XPS analysis and compare the spectra, since they have the largest 
difference in the deposition parameters. From fig.3, small differences in chemical composition on Ti, O 
or C were observed. This indicates that deposition parameters in this study have relatively little 
influence on the chemical composition of these films [10]. 
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Fig.3. Comparison of high-resolution XPS-spectra of titanium oxide film with 700nm thickness 
prepared at 1.06nm/s: (a) Ti 2P; (b) O 1s; and (c) C 1s and titanium oxide film with 200nm thickness 
prepared at 0.12nm/s: (d) Ti 2P; (e) O 1s; and (f) C 1s. 
3.2. Effect of plasma etching 
From contact angles test, it was found that after etching process all the films become more 
hydrophilic and the sample etched at higher power has better performance[10]. Fig. 4 shows the surface 
energy parameters calculated from the contact angle data. From Fig. 4, it can be seen that after etching 
process the polar components (including J  and J ) increase while the dispersive component ( LWJ ) 
decrease. The corresponding values of work of adhesion are shown in fig.5. From Fig. 5, it is clear that 
after etching process the samples exhibit lower values of work of adhesion suggesting that the extent of 
cell adhesion on them would be relatively lower than that on the TiOx films before plasma etching. It is 
expected that TiOx films after etching process would provide the surface with improved 
hemocompatibility. 
The surface morphology of the TiOx film etched by Ar plasma was characterized by surface profiler. 
The surface roughness is 2.06nm, 2.14nm and 2.34nm corresponding to the deposited TiOx film, TiOx 
film etched at 40W and TiOx film etched at 15W, respectively. It showed that the surface roughness of 
films is increased after being etched and the higher roughness of film surface appeared while the etching 
power was lower. 
586   Zeng Lin et al. /  Physics Procedia  32 ( 2012 )  580 – 589 
(a) (b) 
Fig.4. Surface energy parameters calculated from contact angle data for the TiOx films etched by Ar 
plasma (a) and O2 plasma (b). 
Table 2 lists the surface chemical compositions of the TiOx films before and after plasma 
etching process. It can be seen that the TiOx film composition varied with etched process from 
nonstoichiometry to stoichiometry. It was probably thought that the point defects such as oxygen 
vacancies could be sputter-generated in surface layer or sub-surface [13,14] in the start etching 
period. With sputter-etched developing, the titanium ions in the surface of TiOx film were also 
sputtered, and the oxygen to titanium bonding was limited in a leveling surface chemistry. In 
addition, there is a clear increase for the content of Ti3+ in the films and for the content of the 
hydroxyl and water molecular on the surface terminal after etching process. 
(a) (b) 
Fig.5. Work of adhesion (mJ/m2) of cells from an aqueous environment onto TiOx films etched by Ar 
plasma (a) and O2 plasma (b). 
Table 2: Quantitative XPS surface composition of the titanium oxide films after plasma etching. 
sample Power 
 
(W) 
Contact 
angle 
(degree) 
Atomic concentration 
 
Ti-O         -OH         H2O 
Atomic concentration 
 
Ti4+       Ti3+          Ti2+ 
Before etching  75.2 0.618 0.298 0.085 0.299 0.278 0.422 
Ar 40 27.7 0.479 0.344 0.177 0.388 0.612 0 
Ar 15 44.5 0.586 0.312 0.101 0.481 0.519 0 
O2 15 50.6 0.563 0.347 0.090 0.486 0.514 0 
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3.3. Effect of SAM and light irradiation 
An important consideration of this investigation was to determine the effects of SAM silanization on 
the wettability and surface energy of TiOx film. The SAM modification allowed variable surface 
energies and intermolecular forces of attraction for immobilization of proteins. After silanization with 
SAM, the samples had clear hydrophobicity, and the sample surface turn into hydrophilicity under UV 
irradiation according to contact angle test [10]. Fig. 6(a) shows the surface energy parameters calculated 
from the contact angle data. From Fig. 6(a), it can be seen that after surface modification (SAM and 
light irradiation) the polar components (including J  and J ) increase while the dispersive component 
( LWJ ) decrease. The corresponding values of work of adhesion are shown in fig.6 (b). From Fig. 6(b), it 
is clear that after surface modification the samples exhibit lower values of work of adhesion suggesting 
that the extent of cell adhesion on them would be relatively lower, which would provide a surface with 
improved hemocompatibility. 
(a) (b) 
Fig.6. Surface energy parameters (a) and work of adhesion (mJ/m2) (b) for the TiOx films with SAM and 
UV irradiation 
Fig. 7 shows XPS spectra of the resultant films after SAM modification. O1s peaks at 531, 533 and 
535 eV are due to lattice oxygen, surface OH and adsorbed multilayer water, respectively [15]. By XPS, 
peak analysis of O 1s (fig. 7 a) revealed oxides (OHí, CO3í) on the TiOx film. Peak fit of C 1s (fig. 7 b) 
revealed the typical C environments are present on the sample surface: C-C, C-H, C-O, C-N, CO3, which 
confirms the presence of organic moieties [16]. Fig. 8 shows XPS spectra of  
    
Fig.7. Typical high-resolution XPS-spectra of TiOx film after SAM modification. 
the resultant films after UV light irradiation. The contents of hydroxyl groups calculated from XPS 
spectra are 0.36 and 0.61, corresponding to TiOx film before irradiation and after UV irradiation, 
respectively. It can be seen that UV light irradiation increased the hydroxyl group’s content. As T. 
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Watanabe et al. reported according to their XPS results, that the hydrophilic conversion of TiOx under 
UV irradiation is attributed to structural changes at the surface [17,18], totally unlike the well-known 
reaction of oxidative decomposition. Photo generated holes diffuse to the TiOx surface and react with 
lattice oxygen of TiOx itself, resulting in the creation of oxygen vacancies at the surface. These produced 
oxygen vacancies are presumably favorable for water adsorption [19]. Usually water molecules are 
dissociatively adsorbed on defect sites, and as a result, a highly hydrophilic surface is formed.  
    
Fig.8. XPS for O1s band of TiOx film: (a) before irradiation (b) after UV irradiation. 
 
4. Conclusions 
TiOx films were prepared by electron beam evaporation. The surface properties (chemical 
composition, wettability and surface energy) as functions of deposition parameter and further 
modification process were investigated. 
By adjusting deposition parameter (such as thickness and growth rate) and further modification 
process (such as plasma etching, light irradiation and SAM), the work of adhesion of these TiOx 
films with human blood can be changed. 
The wettability of TiOx film is mainly determined by intrinsic factors of its surface chemistry 
(such as hydroxyl group) and extrinsic factors of surface roughness. 
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